Microwave Fourier transform spectra have been measured for hydrazoic acid as its normal isotopomer, H14N3, and two substituted isotopomers, H15N14N14N and H14N14N15N. The 14N quadrupole hyperfine structure has been resolved in all cases, and the quadrupole coupling constants of all N atoms have been determined. They are compared with those from ab initio predictions. Rotational constants A have been evaluated accurately for the first time for the two 15N species, and have been used to confirm a previously published structure.
Introduction
Although the microwave spectrum of hydrazoic acid, HN3, has been studied several times at both low and high frequencies, the hyperfine structure due to the three 14N nuclei has never been completely re solved. Traditional Stark modulated and millimeter wave spectrometers do not normally have the resolv ing power to achieve this. Thus, although several pa pers reported partial resolution of the hyperfine struc ture [1] [2] [3] , values for only two of the six quadrupole coupling constants have been measured [1] , Since these constants have been the subject of several ab initio predictions [4, 5] , an experimental determina tion of all of them is certainly of interest.
The relatively new technique of microwave Fourier transform (MWFT) spectroscopy has at least an order of magnitude better resolving power than the tradi tional methods. It has recently been extensively re viewed [6] . It should thus seem to be an excellent technique to resolve the 14N hyperfine structure in HN3. We show in this paper that this is indeed the case, although the spectra are rather too complex for easy determination of the coupling constants.
Since the coupling patterns are very much simpli fied by replacing one 14N by 15N we have obtained the constants by instead measuring and analyzing the * DFG-Gastprofessor, 1988-1989, on leave from the De partment of Chemistry, the University of British Colum bia, Vancouver, Canada. Reprint requests to Prof. Dr. H. Mäder, Institut für Phy sikalische Chemie der Universität Kiel, Olshausenstr. 40, D-2300 Kiel, RFG.
MWFT spectra of the two substituted species H i5N i4N i4N and h 14N 14N 15N. Although mi crowave spectra of both have been previously re ported [2] it is interesting that the only measured tran sitions were a-type R-branches, so that only two of the three rotational constants could be accurately deter mined. Only a crude value of the rotational constant A was obtained from Ka = 2 asymmetry splittings. More recently however, Winnewisser [7] suggested some improved values for A by transferring the iner tial defect from the normal species, H 14N 3, which she then used in a structural determination. It was thus a second goal of the present work to locate and measure some fr-type transitions of these species in order to obtain accurate values for A.
Experimental Methods
The samples of HN3 were prepared by gently heat ing dry sodium azide with stearic acid. The labelled species were obtained in equal amounts in a similar preparation, which this time used NaNN15N (99% 15N, ICN Biochemicals). Because of the well known explosive nature of hydrazoic acid, the samples were stored in milligram quantities below 100 Torr in the gas phase in the dark at room temperature. They were apparently stable enough for the purpose of these ex periments.
The spectra were measured using the MWFT trav elling wave spectrometers in G- [8] , K- [9] and V- [10] band at the University of Kiel. Sample pressures were below 2 mTorr (<0.3 Pa), and temperatures were 0932-0784 / 89 / 1100-1079 $ 01.30/0. -Please order a reprint rather than making your own copy. about 200 K. Up to 40 • 106 cycles were collected for individual transitions, covering averaging times up to one half hour. Although the spectra were displayed by taking the fast Fourier transforms of the decay signals, accurate frequencies were obtained by fitting the de cays in the time domain, using the program developed by Haekel and Mäder [11] .
Observed Spectrum and Assignment
The first transition observed was 101-0oo. in Kband, which Forman and Lide could resolve only partially [1] , For all three isotopic species studied the quadrupole hyperfine structure of all 14N nuclei was resolved. The observed lines are depicted in Fig. 1 (a) , (c) and (d).
Because only the coupling constants yaa could be determined with the 101 -0oo transition, it was neces sary to make further measurements, especially of atype Q-branch transitions, to evaluate xhh -xcc. For the normal isotope they were predicted from the ob servations of Bendtsen and Winnewisser [3] , who had previously measured some of these. For the substi tuted species they were predicted from the rotational constants of Winnewisser and Cook [2] , In all cases the transitions were easily located. Their assignments were confirmed with the hyperfine structure.
To evaluate the rotational constant A for H 15NNN and HNN15N some fr-type lines had to be found. Because this constant was expected to be very large (-600 GHz) only one P, R-branch series had transi tions in our frequency region. These lines were poten tially very difficult to find by estimating A from a structure because the uncertainties could have been thousands of MHz. Fortunately the estimates made by Winnewisser [7] reduced the uncertainties to ±300 MHz, which was relatively manageable, espe cially since these transitions were expected to be strong. All of them were found within this region; the assignments were again confirmed with the hyperfine structure.
Analysis of the Spectrum
To start the analysis, the 14N quadrupole coupling constants were evaluated for each of the labelled spe cies. From a prediction using crude estimates of the constants from the spectrum, quantum number as- [14] , c The notation refers to the N atoms in the order HNaNpN... signments were made in the coupling schemes l x + I 2 -»/, I + J F as well as in the alternative scheme J + / j F ,. Fj 12 -► F. A least squares fit was then made to the quadrupole coupling constants using a program written by Böttcher [12] ; it fitted shifts of the lines from the unsplit line frequency, and in the pro cess calculated that frequency. The program used a full diagonalization of the Hamiltonian, including terms off-diagonal in / but not J. This is well known to be sufficient for the small coupling constants found here. Well resolved lines of the a-type R-branch and several Q-branch transitions were included in the fit. The rotational constants B and C were taken from [2] , and A was estimated from the observed b-type transi tions.
The results of these fits are given in Table 1 . Since both labelled species contain 14N at the central posi tion of the azide group, the values common to both isotopomers were assigned to this nucleus (N^). The others were assigned to the unsubstituted nucleus. The agreement between the values obtained for N^ is rea sonable (within 2 standard deviations). a For the unsplit line this is the "observed" unsplit frequency minus that calculated from the derived rotational and centrifugal distortion constants. For the hyperfine components this is the observed frequency minus that calculated from the derived quadrupole coupling constants and centre frequencies. b Unsplit line frequency calculated from the measured frequencies corrected for hyperfine structure. c F"= 0, 1 or 2; all levels with J -0 are degenerate. d These transitions were not included in the least squares fit for the quadrupole coupling constants. a For the unsplit line this is the "observed" unsplit frequency minus that calculated from the derived rotational and centrifugal distortion constants. For the hyperfine components this is the observed frequency minus that calculated from the derived quadrupole coupling constants and centre frequencies. b Unsplit line frequency calculated from the measured frequencies corrected for hyperfine structure. c f"= 0. 1 or 2; all levels with J = 0 are degenerate. d These transitions were not included in the least squares fit for the quadrupole coupling constants. The rotational and centrifugal distortion constants for the two labelled species were then obtained by a least squares fit. The frequencies used were the unsplit line frequencies (with the hyperfine structure sub tracted off) of the transitions measured here, along with the corresponding measurements with 3 in [2] . The data were weighted in inverse proportion to their estimated experimental uncertainty. The model followed the S-reduction Hamiltonian [13] of Cheung and Merer [14] used for the normal isotopic species. This in turn was similar to one introduced earlier to account for the microwave spectrum of isoelectronic HNCO [15] . Because we could observe only one btype branch it was necessary to fix values of several constants, namely DK, HK and HJK to the values of H 14N3 [14] ,
The results of the fits are in Table 1 . Good values of the rotational constants, Dj, DJK and d{, have been obtained. The rotational constants B and C are in good agreement with those of [2] . The distortion con stants d2 and HKJ are barely determined, if that. They were retained as fitting parameters for consistency with earlier work [15] , and because the standard devi ation of the fit deteriorated if they were omitted. Tables 2 and 3 contain all the transition frequencies measured here for H 15N 14N 14N and H 14N 14N 15N , respectively. Because for both of these isotopomers one set of quadrupole coupling constants was bigger a Only the quantum numbers of the 10 1 level are given. For the 0o.o level F," = 1, F2" = 2,1,0 and £" = 3,2,1,0; all these levels are degenerate. b Observed frequency minus that calculated using the derived constants and centre frequencies. c Unsplit line frequency calculated from the measured fre quencies corrected for the hyperfine structure.
than the other, the quantum numbers are given in the coupling scheme I l + J^F l , Fy+ I 2-*F. The excel lence of the fit is clearly demonstrated by the small values of the deviations. The quadrupole hyperfine patterns of H14N3 were then predicted using the derived quadrupole con stants. For N^, the central N atom, the averages of the values in Table 1 were used. The calculation used a multinuclei program written originally by Cook [16] , and adapted in Kiel to this project. The program was written in the coupling scheme J + I l ->Fl , Fx + I2 -*F2, F2 + / 3-»F; it included off-diagonal terms in the quantum numbers Fx and F2, but not J.
The measured frequencies of the 101-0oo transi tion of H 14N 3 are given in Table 4 . Quantum numbers are assigned in the scheme described above, with the assignments T = / a, / 2 = T, and I3 = Iß. The table also shows the deviations between the observed and calcu lated frequencies, and it is clear from them that the prediction is excellent. Figures 1 (a) and (b) show a comparison of the observed pattern with the calcu lated one; the agreement is again apparent.
Because the pattern for 101-0oo depends only on yaa, the patterns of the Q-branches were also pre dicted, in order to check the values for ybb -ycc-One such pattern, that of 615 -616, is given in Figure 2 . The agreement between the observed and calculated patterns is rather good, and provides confirmation of the derived constants. Because the patterns are so complex, no attempt was made to compare observed and calculated frequencies.
Discussion
This work has demonstrated, once again, the very high resolution achievable with microwave Fourier transform spectroscopy. The 14N quadrupole hyper fine structure of NH3 has been fully resolved, and all the coupling constants have been evaluated. The tran sitions, especially the 615 -1616 transition in Fig. 2 , are some of the most complex thus far observed and accounted for by this technique. It is still nevertheless the case that assignment of quantum numbers to such transitions is very difficult, if not impossible, without some reasonable prior knowledge of the cou pling constants. These are still best obtained by sim plifying the spectrum with isotopic substitutions of the type described in this paper. Table 5 contains a comparison of the measured cou pling constants with those measured previously, with those obtained in several ab initio predictions, and with those of the two other azides whose 14N coupling constants are all known. The two constants measured previously by Forman and Lide [1] are in excellent agreement with those measured here, though the pre cision in the present work is very much better.
There are two sets of a priori predictions of the 14N coupling constants, by Palmer [4] , and by Murgich and Aray [5] . Palmer's constants are given in the prin cipal intertial axis system, and a direct comparison can be made with the experimental values. There is clearly good agreement for Na; it is slightly less good for Nr For the central atom, the agreement is fairly poor for ybb and ycc. Murgich and Aray unfortu nately do not state their axis systems precisely, and since the constants are often sensitive functions of angle there is little point in making a detailed compar ison. However, because of the plane of symmetry the ycc components can be compared. In this case there is moderately good agreement for N^, and poor agree ment for Na. There is a total disagreement for Ny; it is not clear why this should be so. The same problem was found for both CH3N 3 [17] and NCN3 [18] . How ever Murgich and Aray state strongly that the z-principal quadrupole axis is essentially perpendicular to the Ny, -Ny internuclear axis. If they have inter changed the z-and y-axes much of the disagreement would be removed. In comparing the experimental constants of HN3 with those of CH3N3 and NCN3, also in Table 5 , one must remember that the angles between the NN axes and the inertial axes vary from molecule to molecule. Again the only really valid comparison is between the ycc values. It would seem that although there are some variations, they are relatively minor.
In Table 6 there is a comparison of the present and earlier rotational constants of the two 15N isoto pomers. For the constants B and C there is essentially precise agreement, which is hardly surprising since the constants of the present work depend largely on the data of [2] . The precision reported here cannot be considered absolute, since it is dependent on the model used in fitting to the rotational and distortion constants. What is encouraging, however, is that the fits to the rotational constants included the b-type transitions; the fact that B and C do not change is a strong confirmation of the assignment of the lines.
The value of dy of the two substituted species was obtained almost entirely from the a-type Q-branches measured here. They agree well between themselves, and moderately well with öj of the normal species [3] . The improved precision in the present work is proba bly a reflection of the improved accuracy of MWFT over Stark modulated spectroscopy.
For the A constants the agreement between the present values and those of [7] can be considered something of a triumph. The latter were obtained by assuming that the inertial defects of all H-containing isotopic species should be equal. Comparison with isoelectronic HNCO [15, 19] confirms this assump tion, but gives an estimated uncertainty in A of ±300 MHz. In this limit there is agreement between the two sets of constants. Even more to the point is that Winnewisser [7] used her constants to estimate the structure of HN3. Our results confirm that struc ture.
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